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ABSTRACT 


Metallurgical  examination k  Including  fracture  tests  for 
•tael  soundness,  hardness  traverse ,  Jomlny  hardenabillty  taBt, 
chemical  analyses,  V-m otch  Charpy  Impact  teste,  macroscopic 
and  mlcroRcoplc  examination,  wee  made  on  four  plates  teeted 
at  the  Ordnance  Reeearoh  Conter  on  a  program  for  the  develop¬ 
ment  of  4"  and  5*  thick  armor  plate,.  Two  plates,  4"  and  5* 
thick,  were  submitted,  by  the  Carnegie-Ill lnois  Steel  Corp. 
whereas  one  4"  thick  plate  was  submitted  by  the  ^ary  Armor 
Plate  Plant  and  one  plate  of  the  Bame  thickness  was  submitted 
by  the  Great  Lakes  Steel  Corp,  All  plates  were  of  satisfactory 
steel  soundness. 

The  hardenablllty  of  the  Carnegie-Illinois  compositions 
was  adequate  for  the  4-5"  thick  plate  Involved  hut  the  harden¬ 
ablllty  of  the  Gary  Armor  Plate  Plant  and  the  Orea*  Lakes  Steel 
plates  was  Inadequate  for  the  manfacture  of  satisfactory  4*  thick 
plate.  The  hardness  of  the  plates  investigated  was  uniform  across 
the  sections. 

1.  As  requested  by  the  Ordnance  Research  Center*  Aberdeen^, 
metallurgical  examination  has  been  completed  on  four  (4)  samples  cf 
homogeneous  rolled  armor  plate  varying  in  thickness  fro*  4-5*  at 
described  below? 


5 •  Sample  No.  A  -  h"  tMck,  Onry  Amor  Piste  Plant .  This 
plate  was  acceptable  under  Speci  flc ati  in  AXS-  488,'  Revision  1  but  failed 
to  meet  the  requirement*  of  Specification  AX5-488,  Revision  2  nincr  it 
gave  an  excessive  exit  diameter  (without  spalling)  on  the  90  mm.  A,  P,  M  77 
projectile- through-plat#  t#«t  -  APG  Report  No,  Al?564. 

b,  Sample  No.  S  -  *>*  thick  Carnegle-Illlnols  plate.  This 
plate  had  good  ballistic  properties  under  the  impact#  of  75  mm*  ^72  A.F, 
and  90  mm.  M77  A,?.  projeotiie*  at  normal  obliquity  -  AFG  Report  No,  A12.353* 

c0  Sample  No.  C  -  4*  thick:  Carnegie- Illinote  Plate.  This 
plate  had  good  ballistic  properties  under  the  impact#  of  75  mm.  M?2  A.F, 
end  ?0  mm.  M77  A„F,  projectile#  at  normal  obliquity  -  APG  Report.  No. 

A12353. 


V 


d.„  Sample  No,  D  -  4*  thick  Great  bakes  plate.  This  plate 
wa*  tested  under  Specification  AXti-488,  Revision  1  and  AXS-488  Revision  2, 
The  plate  at  207  Rrinell  hardness  gave  excessive  exits  (without  back 
spalling)  under  the  90  mm.  A,?.  #77  projectil e- through-plate  test  -  APG 
Report  No.  AI2563. 

2.  Metallurgical  esominetlon  consisted  of  the  following  tests. 

Chemical  analyse#. 

b„  Fracture  tests  for  steel  soundness, 

c.  Joainy  h&rdenabiilty  teste. 

d, ,  Hardness  traverse. 

V-notch  Char.oy  impact  tests. 

f.  Macroscopic  examination, 

£.  MJcr-.-rc  or*  c  ezar.izu.tlon, 

3,  The  result*  f  the  above  tests  in  detail  f  re  ■'•repented  below: 

A •  Chemical  Analyse#  . 

The  chemical  analyses  are  reported  in  Table  I. 
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The  Gary  Arnor  plate  No.  A  and  the  Great  Lakes  plate  No„  D 
are  low  alloy  type  steels  treated  with  boron  whereas  th*  and  41  thick 
Carnegie- Illinois  plates  Wo.  B  end  C  are  high  alloy  plates  which  were 
not  treated  with  the  element  boron.  The  amount  of  boron  in  the  plate 
manuf actured  by  the  Great  Lakes  Steel  Corporation  is  slightly  excessive 
for  best  results  from  the  point  of  vi*w  of  toughness  of  th*  steel,, 

b.  Fracture  Test  for  Steel  Soundness. 

Fracturs  test  samples,  approximately  8r  long  and  4-5"  wide 
were  cut  from  the  transverse  direction  of  the  plates*  nicked  perpen¬ 
dicularly  to  the  longitudinal  axis  to  such  a  depth  as  to  leave  a  solid 
section  1”  in  width  and  broken  slowly  under  a  press.  This  additional 
notching*  which  was  necessary  due  to  inadeauate  lengths  of  the  samples, 
provided  additional  stress  concentrations,,  thereby  promoting  greater 
tendencies  to  form  crystallinity  in  the  samples  tending  to  produce 
brittle  fractures. 

The  steel  quality  of  samples  A,  B  and  C  was  satiefactory, 
in  fact*  these  samples  had  a  "B"  rating  as  specified  In  Specification 
AXS-Ugg,  He  vision  P ,  b*isp  Is  o .  D  e  xh  iblted  a  cr  y  s  t  slI  1  i  n  e  fracture 
and,  therefore,  the  steel  quality  could  not  be  determined  in  this 
particular  sample. 

Samples  were  not  available  for  the  flbrs  fracture  test, 
therefore,  the  fibre  fracture  ratings  were  made  on  the  fractures  for 
steel  soundness  as  follows* 

Plate 

No,  Manuf acturer  Fibre  Teat _ 

A  Gary  Armor  Predominantly  fibrous,  patches  of  crystallinity 

B  Camegie-Illinois  Fibre 

C  Carnegle-Illinoie  Fibre 

D  Great  Lakes  Crystalline 

c  Jcmlnv  Hardsnablllt.y  Tests. 

The  Jorainy  hardenabilit.v  curves  of  the  four  plates  are 
shown  In  Figures  1  and  2. 

Since  these  Joainy  bars  were  given  a  long  austenitization 
treatment  (identical  with  the  manufacturer's  heating  cycles).  It  was 
necessary  to  grind  the  bars  to  a  depth  of  .O'SO"  in  order  to  obtain  the 
true  hardness  readings. 

The  results  of  th#  end  quench  tests  are  tabulated  in 

Table  II. 
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Results  of  Snd  Quench  Teete 


Rockwell 

G  Hardnsse 

at  L«pth  of 

Sample  No, 

22: 

20  /V'" 

Lo/lft' 

A 

4"  Gary  Armor 

52.0 

4g„o 

Lg  0 

B 

*5*  Carnegie-lllinois 

56.0 

53.0 

5f»o 

C 

4*  Carnegie-lllinois 

5b.  5 

53.0 

53.0 

D 

4"  Creat  Lakes 

53.0 

50,5 

45.0 

The  difference  in  the  hardness  level®  between  the  end 
quenched  Carnegie- I llim is  samples,  the  Cary  Armor,  and  the  Croat  Lakes 
Steel  test  bars  is  due  to  the  lower  carbon  content  of  the  letter  two0 
A  surrey  of  the  Joalny  curves  and  the  data  in  Table  II  indicates  that 
the  Carnegie-lllinois  samples.  Nos.  B  and  C  have  excellent  hardenability, 
Essentially  full  hardening  is  maintained  at  the  slow  Oooled  end  of  these 
Jomlny  bars,  reference  the  martensitic  structure  ia  the  series  of  photo¬ 
micrographs  attached  to  figures  1  and  2.  This  indicates  that,  with  respect 
10  Quench  hardening  or  tranef nrnatl on  to  the  high  temperature  transformation 
products  of  ferrite  and  pearlite,  theBe  analyses  would  be  satisfactory  in 
thicknesses  up  to  at  least  4"  to  5n  upon  water  Quenching, 

Although  the  Jominy  curve  of  Cary  Armor  plnte  No,  A  indicates 
satisfactory  hardenability,  microscopic  anelysis  of  the  air  cooled  end  of 
the  bar  indicates  a  transformation  of  the  austenlts  into  some  intermediate 
temperature  transformation  products,  see  figure  1.  This  indicates  that 
the  alloy  content  of  this  plate  is  such  that  objectionable  intermediate 
temperature  t ran sfo rmation  products  would  be  obtained  in  the  center  of 
a  4"  thick  plate  of  this  composition.  These  constituents  were  found  in  the 
tempered  condition  in  the  sample  of  the  plate  submitted,  see  figure  6. 

The  Jominy  curve  of  the  Great  Lakes  Steel  Corporation  plate 
No,  D  shows  a  decrease  in  hardness  from  20/l6M  to  40/15.  This  is 
correlated  with  a  greater  amount  of  intermediate  temperature  transformation 
products  at  the  slowly  cooled  end  of  the  Jaminy  bar  than  foimd  in  the 
Cary  Armor  sample,  furthers®  re,  a  microscopic  study,  of  this  bar  shows 
the  presence  of  some  carbide  at  the  quenched  end.  and  also  at  20/16", 
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The  result*  of  this  test  indicates  that  the  Great  Lakes  composition 
ha*  inadequate  hardenablli ty  fir  the  manufacture  of  4*  thick  plate. 

It  should  he  noted  that  a  large  amount  of  tempered  intermediate 
transformation  product*  ver*  strident  in  the  nample  of  the  ^reat  1-ake* 
plate,  *ae  Figure  (■>. 

Brinell  H 


The  result*  of  the  hardness  survey*  made  on  crons  sections 
of  the  samples  are  summarised  in  Table  HI.  T*«  aerie*  of  individual 
hardness  readings  ar*  given  in  Table  1A  in  Appendix  A. 

Table  III 


Summary  oi 


Plate  No 


A  -  4M  Gary  Armor 
B  -  5"  Cnrnegie-Illlnoi* 
C  -  4"  Carnagie-Illinoi* 
D  -  4"  Great  Lake* 


Brinell  Hardness  Survey* 

Ayer aye  Brinell  Hardness  Taltu 


Series 


Jerien 

2 


series 


Reported 

by 


255/2*9 


229/241 


As  noted  in  the  above  table,  the  hardness  values  are 
uniform  on  the  cross  section*  of  each  individual  plate. 

The  hardness  of  the  Gary  Armor  plate  No,  A  a*  obtained  in 
this  laboratory  agree*  Tory  closely  with  that  reported  r>y  the  manufacturer 
On  the  other  hand,  the  hardness  values  reported  by  the  Great  ^akes  Steel 
Corporation  on  plate  No,  D  war*  22-34  points  higher  than  those  determined 
at  Watertown  Arsenal. 

No  hardness  readings  were  reported  by  Camerie-Illinois 
Steel  Corporation  on  plates,  No*.  B  and  C. 


V- not Of 


Impact  Tests . 


The  real  It*  of  the  V_notch  Charpy  impact,  test*  are  given 


In  Table  IV. 
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Foot  -  Pound a 


Ave. 

Brinell 


Plate  No. 

470 °F 

•Fracture 

_40°F 

•Fracture 

Hardness 

A  -  4*  Gary  Armor 

4M 

7c 

?3.4 

Cd 

256 

B  -  5"  Carnegie-Ill inois 

58.3 

f 

58.2 

F 

242 

C  -  4"  Carnegie-Illinols 

63.0 

F 

52.9 

F 

229 

D  -  4"  Great  ^akes 

68.5 

fc 

32.7 

Cd 

207 

*  gXft.ctur.fi 


Fc  -  Fibrous,  mixed  with  spots  of  crystallinity 
F  -  Fibrous 

Cd  _  Dull  crystalline  (complete) 

The  considerable  changes  in  impact  values  of  the  la ry  Armor 
end  Greet  I'alces  Steel  materials  with  a  lowering  of  the  test  temperature 
correlate  with  the  tendency  tow&rdr  brittle  failures  observed  in  the 
fracture  tests.  The  presence  of  Intermediate  temperature  transformation 
products  upon  quenching,  as  revealed  by  the  Jominy  ond-quanch  test  results 
and  by  the  microscopic  examination  of  the  hfc&t  treated  structures,  is 
undoubtedly  th«  cause  of  this  undesirable  behavior.  On  the  other  hand, 
high  impact  values  ware  retained  In  the  nickel-chromium  steel  plates  at 
the  -4o°F  temperature,  correlating  with  the  fibrous  fractures  and  the 
absence  of  Intermediate  or  high  temperature  transforuation  products 
found  upon  quenching.  The  Great  I'akas  Steel  plate,  If  of  satisfactory 
raicroetructure,  would  yield  considerably  higher  Impact  values  at  the 
low  hardness  involved. 

f .  Macros truo ture 

The  macrostructure  of  the  longitudinal  and  transverse 
sections  of  the  plates  after  etGhing  in  hof  acid  is  ehowa  la  Figure  3. 

The  Gary  Armor  plate  No.  A  and  the  Great  I*akee  plate  No,  D 
are  fairly  free  from  segregations  whereas  the  Carnegia-Ullnols  plates, 
Nos.  A  and  C  contain  rose  segregations  of  nonmetalllc  inclusions. 

The  pattern  observed  in  the  macroetched  sections  of  both 
Camegle-Ill lnois  plates  indicates  that  these  plates  were  finished  under 
a  forging  prise. 
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£,  Mlcrowtructuf 

Photomicrographs  Illustrating  the  distribution  of  the  non- 
metallic  inclusions  and  also  the  typical  mici ostructures  of  the  plp.teB 
are  presented  in  Figure*  4,  5»  and 

With  the  exception  of  the  5"  and  4M  thick  Carnegie-Illinois 
plate**  No*.  B  and  C,  the  ylnte*  examined  were  free  fr.-m  pronounced 
segregation  of  nonoetallic  inclusions, 

A  seriee  of  fine  oxide- sulphide  group*  of  nonmetal] 4c 
inclusions  was  present  in  the  longitudinal  section  of  the  4"  thick 
Gary  Armor  plate  No.  A  while  an  occasional  group  of  aluirina  inclusions 
wa*  present  in  the  transverse  section  of  the  plate.  The  segregation 
revealed  in  th»  macro  structure  cf  the  5"  thick  Cnrneria-TllinolB  j>lete 
No.  B  consisted  of  complex  oxide- sulphide  Inclusions  wheress  oxide 
inclusion  streaks  were  found  in  the  4H  think  plate  No.  C„  manufactured 
by  the  same  company.  Considerable  amounts  of  scattered  fire  oxides 
mixed  with  zirconium-nitride  inclusions  were  present  In  the  4"  thick 
Great  Lskes  plate  No.  N. 

T^e  mlcrostructurs  of  the  4"  tMck  Gary  Armor  plate  No.  A 
consisted  of  fine  tempered  intermediate  ar.d  low  temperature  transformation 
product*  and  an  occasional  ferrite-carbide  grain  boundary  &/ greg/tte.  The 
5  and  4  thick  Carneai e-Illinois  plates,  Nos.  B  and  C  hs.d  r.  ir.icrostructure 
consisting  of  temnered  low  temperature  transformation  nroducts  ar.d  a 
trace  of  ferrite.  Tempered  intermediate  temnerature  transformation 
product  3,  ferrite  and  occasionally  some  apheroidised  carbide,  v;ere  evident 
in  the  mi  crest  rue  turn  of  the  4"  thick  Orest  Bav-Pg  plpte  A'o.  D. 

NOTEj  Photomiorographlc  work  conducted  by  M.  Yoffa. 

4.  Correlation*  were  ortab] lshed  between  the  fibre  characteristics. 
F-notch  Charpy  value*  ard  the  aicrostructure  of  the  plates.  The  low 
temperature  transf orraation  products  detected  in  the  high  alloy 
Carnegie-Illinol*  plates  B  end  G  appear  to  have  fairly  good  F_notch 
impact  properties  and  yield  a  fibrous  fracture.  On  the  other  hand,  the 
low  alloy  plates  manufactured  by  the  Gary  Armor  Flat*  Plant  and  the 
Bake*  Steel  Corporation  hr,.d  poor  F_notch  impact  properties, 
especially  at  euo— zero  temperatures  which  were  associated  with  crystal¬ 
linity  in  the  fracture  test  and  intermediate  temperature  transformation 
product*. 


e  i  «-*  Thc  Carn»«l5-I1I1A0i*  Composition  had  adequate  hardenability 
for  4-5  thick  armor  wh#r*a»  th#  Gary  Armor  and  the  ureat  bakes  Steel 
Corporation  analyses  contained  insufficient  alloy  for  the  necessary 
hardsnability  for  4"  thick  plate. 
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1’he  Brinell  hardness  of  the  four  plates  vai  uniform  acroes  the 
section  and  varied  from  plate  to  plate  as  foil  owe,  Gary  Armor  -  Phh  BrlnelX 
Carnegie- Illinois,  r>w  thick  -  24 2  Brinell,  Carnegie-Illinoie  4"  thick, 

??9  Brlnell  and  Great  ^akee,  B*  thick,  ? 08  Brlnell. 


APPROVED? 


S5  L  REED 

Research  Metallurgist 


n,  a.  Matthews 

Major,  Ord.  Dart, 
Chief,  Armor  Section 
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«  3  4  3  •76*10  f2  14  WI6  20SW/40 
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HA RDENAftJLITY  OAR-  SIXTEENTHS 


c  a»  si  s  p  iT  a 
,35  .l£  .0?  .oTg  ,o?0  3.5?  1.54 
,30  1.24  .69  .019  .019  *R.  .78 


Mg.*! 


8  JLi 
-  JHV  .000 

.13  -  .003 


fIMI  (Has.) 


abxuaaftttiJIc  Xao xtfWkona  in  4*5  w  ‘fnicfts  aw>X,X*&  Axmv 


V  **.  .j, 

’  *  V 


Ho.  A 

4*  G-nry  Amor 

I'yplcaX  fifee  manganese  aulphides 
(gray)  and  oxides  (daxk). 


Uo «  A. 

4®  fihwy  Aymox 

gwup  of  a\vw._4an  .inoluaitmu* 


B».  B 

5"  Oai-a«wri  e~Illinoi  « 


5* 


rounti, 


XooneiMlllc  Inelu/slubo  in  4-5"  Thiok;  Boiled  Armor 
Long!  t  ndlnaX  li.’r&P.  ster  »• 


No.  C  a°*  0 

4"  Gameeio-illiuolB  4"  OwiMKi«-lUlMl«  _ 

Typical  alumina  inclusion  at  rack.  I^pical  inoluuioaB  f<wmd  in  eeotHWU 


No.  D 

4"  Great  Lakes 

Typical  group  of  zirconium  nitrides 
and  other  complex  nonmet&lliea. 


Ho.  D 

4s  Great  Lakes 

Typical  troup  of  zirconium  nitride* 
and  other  complex  noametalllcs. 


Photomicrograph®  HOG 


nauR*  5 


Micro  structure  of  4-!>"  Taick  Hailed  Armor 


,  No.  A 
4K  Gary  Armor 

Taoroered  intermediate  temperature 
trrA.sfor..uition  products,  ferrite- 
e arb  i  d e  an  ; r egr  to . 
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Three  series  of  Brinell  hardness  readings  were  mads  on  the  cross 
pectionn  of  the  four  samples  at  intervals  of  about  one  inch  apart. 

The  values  are  reported  in  Table  1A. 

Table  1A 

•Plate  A  Plate  B  Plate  C  Plate  D 

4"  Gary  Armor  5"  Carnegie-Illinoie  4"  Camegie-Hlinois  4"  Great  Lakes 
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